IAA, a naturally occurring auxin, is a simple signaling molecule that regulates many diverse steps of plant development. Auxin essentially coordinates plant development through transcriptional regulation. Auxin binds to TIR1/ AFB nuclear receptors, which are F-box subunits of the SCF ubiquitin ligase complex. The auxin signal is then modulated by the quantitative and qualitative responses of the Aux/IAA repressors and the auxin response factor (ARF) transcription factors. The specificity of the auxin-regulated gene expression profile is defined by several factors, such as the expression of these regulatory proteins, their posttranscriptional regulation, their stability and the affinity between these regulatory proteins. Auxin-binding protein 1 (ABP1) is a candidate protein for an auxin receptor that is implicated in non-transcriptional auxin signaling. ABP1 also affects TIR1/AFB-mediated auxin-responsive gene expression, implying that both the ABP1 and TIR1/AFB signaling machineries coordinately control auxin-mediated physiological events. Systematic approaches using the comprehensive mapping of the expression and interaction of signaling modules and computational modeling would be valuable for integrating our knowledge of auxin signals and responses.
Introduction
The plant hormone auxin plays a central role in plant growth and development. IAA, the predominant naturally occurring auxin, regulates cell division and cell elongation and triggers specific differentiation events leading to numerous and diverse developmental processes, such as the establishment of embryo polarity, vascular differentiation, apical dominance and tropic responses to light and gravity (Woodward and Bartel 2005) . The auxin responses of these diverse developmental events can be regulated at three major steps: auxin metabolism, directional auxin transport and signal transduction (Chapman and Estelle 2009 , Petrásek and Friml 2009 , Zhao 2010 , Ludwig-Muller 2011 . Auxin metabolism and polar transport control the local auxin level to establish an auxin gradient in plants. The distribution of auxin is coordinately generated by the multiple regulatory processes involved in auxin biosynthesis, including its storage as inactive precursors, the degradation of auxin, and auxin influx and efflux transportation. IAA is biosynthesized from tryptophan via multiple pathways (Zhao 2010) . Most probably, the indole-3-pyruvate (IPA) pathway is the main IAA biosynthetic pathway , Won et al. 2011 ). In the IPA pathway, tryptophan is converted to IAA by two sequential enzymatic steps using TAA1, a tryptophan amino transferase (Stepanova et al. 2008 , Tao et al. 2008 , and YUCCA, a flavin mono-oxygenase (Cheng et al. 2006) , via IPA as an intermediate. The IAA level is spatially modulated by de novo IAA synthesis from tryptophan, the reversible conversion of IAA-conjugated forms (IAA-conjugated sugars or amino acids) and irreversible catabolism (Woodward and Bartel 2005, Ludwig-Muller 2011) .
Auxin can be transported between cells in a directional manner, which is mediated by several families of auxin transporters. AUX1/LAX symporters function as auxin influx carriers, whereas the PIN-FORMED PROTEIN (PIN) family of auxin efflux facilitators and several members of the ABCB/PGP transporters export auxin from the cell (Petrásek and Friml 2009 ). These transport proteins establish the auxin gradient that is regulated by the expression and subcellular relocalization of transport proteins in response to environmental and developmental cues (Friml 2010) . Auxin both transcriptionally and nontranscriptionally controls the physiological auxin responses of specific cells (Fig. 1) . Transcriptionally, the SCF TIR1/AFB -proteasome machinery plays a central role in the regulatory process of transcription that leads to auxin-related developmental responses (Chapman and Estelle 2009) . In this process, auxin promotes the degradation of auxin/IAA (Aux/IAA) transcriptional repressors via the proteasome pathway by enhancing the ubiquitination of the Aux/IAA protein. Aux/IAAs are recognized as a substrate of the SCF TIR1/AFB -type E3 ubiquitin ligase complex, and auxin enhances the proteolysis of these Aux/IAA repressors (Kepinski 2007) . The Aux/IAA repressors heterodimerize with auxin response factor (ARF) transcription factors to block the transcriptional activation of auxin-responsive genes. Therefore, the auxin-enhanced proteolysis of the Aux/IAA repressors leads to the activation of ARF to induce early auxin-responsive gene expression.
Auxin signaling machinery that is involved in non-transcriptional regulation is not as well characterized. Knowledge of the signaling components and the physiological events involved in this rapid auxin response is limited. ABP1 is one of the receptor candidates implicated in non-transcriptional auxin signaling. ABP1 was initially identified as an auxin-binding protein in the early 1980s, and its physiological role and downstream signals were extensively studied (Timpte 2001) . The primary function of ABP1 has been thought to be the regulation of non- Fig. 1 A model for auxin signaling in the cell. TIR1/AFB auxin receptor is an F-box protein that forms an SCF E3 ubiquitin ligase complex between SKP (ASK1) and cullin1 (CUL1). SCF TIR1/AFB catalyzes the ubiquitination of auxin/IAA proteins (Aux/IAAs) in the presence of auxin. The activity of the auxin response factor (ARF) transcription factors is blocked by Aux/IAA bound to TOPLESS (TPL) via an interaction with domains I, III and IV. Auxin is bound in the small cavity formed between TIR1 and domain II of Aux/IAA. The auxin-induced degradation of Aux/IAA repressors recovers the ARF activity and activates the transcription of auxin-responsive genes (auxin response element, AuxRE: TGTCTC). Auxin-binding protein 1 (ABP1) is an ER-localized protein, but small amounts of functional ABP1 protein act at the plasma membrane as an auxin receptor. Auxin blocks the clathrin-mediated endocytosis of PIN from the plasma membrane via ABP1 signaling. The ABP1 signal activates K + channels and H-ATPases to induce rapid auxin responses, such as turgor-induced growth. The ABP1 signal also activates Rho GTPases, which are ROP2-and ROP6-mediated processes that control the interdigitated growth of leaf epidermal pavement cells.
transcriptional rapid auxin responses, especially rapid cell elongation. ABP1 activates the membrane potential and the ion channels involved in the structural changes of the cell wall and cytoskeleton, resulting in cell elongation. Recently, the molecular function and the associated players of ABP1 have been demonstrated (Robert et al. 2010 , Xu et al. 2010 .
In this review, we will focus on the recent progress in characterization of the auxin signaling machinery and its molecular function in auxin perception.
Auxin-Mediated Transcriptional Regulation
Auxin rapidly alters the expression of hundreds of genes within minutes (Goda et al. 2008, Chapman and Estelle 2009 ). The early auxin-inducible genes are classified into three major families: SAUR, GH3 and Aux/IAA genes. The SMALL AUXIN-UP RNA (SAUR) genes encode unstable transcripts (Chapman and Estelle 2009) . SAUR proteins exhibit calciumdependent binding to calmodulin in vitro and in vitro (Yang and Poovaiah 2000) , but their physiological functions have not been demonstrated. GH3 genes were originally identified as auxin-inducible genes in soybean (Hagen and Guilfoyle 1985) . The GH3 family encodes the enzyme that catalyzes the conjugation of IAA with an amino acid to yield an inactive storage form of IAA (Gee et al. 1991 , Ludwig-Muller 2011 . This GH3 enzyme is responsible for the homeostatic feedback regulatory loop that controls the intracellular IAA level. The Aux/IAA family of proteins plays a central role in the auxin signal transduction that regulates auxin-responsive gene expression. The Arabidopsis Aux/IAA family is comprised of 29 members (Remington et al. 2004 ). Analyses of gainof-function mutants of Aux/IAA genes, such as shy2/iaa3, axr2/iaa7, bdl/iaa12, slr/iaa14, axr3/iaa17 and msg2/iaa19, have demonstrated that the proteolysis of Aux/IAA repressor proteins is a crucial step for early auxin-responsive gene expression and subsequent auxin-regulated developmental processes (Liscum and Reed 2002, Mockaitis and Estelle 2008) . Aux/IAA genes encode short-lived nuclear proteins that function as unstable repressors regulating auxin-inducible gene expression (Worley et al. 2000) . ARF family proteins are transcription factors that bind to the auxin-responsive cis-element in auxin-responsive promoters. The Aux/IAA protein forms a heterodimer with ARF to repress the transcriptional regulatory function of ARF. Therefore, the intracellular level of Aux/IAA repressors determines the ARF transcriptional activity (Liscum and Reed 2002, Mockaitis and Estelle 2008 (Dharmasiri et al. 2005a , Dharmasiri et al. 2005b , Kepinski and Leyser 2005 . The Aux/IAA protein is ubiquitinated by SCF TIR1/AFB complexes, and auxin promotes this process by enhancing the interaction between the TIR1 and Aux/IAA proteins. The SCF TIR1 E3 ligase activity is regulated by the modification of CUL1 by the ubiquitin-related protein RUB/NEDD8. The SCF regulatory proteins, AXR1, ECR1 and RCE1, are involved in the RUB/NEDD8 conjugation of CUL1, and mutations in these components confer auxin-resistant phenotypes and result in defects in auxin-related developmental processes (del Pozo et al. 2002b , Dharmasiri et al. 2003 . Other mutants that are defective in auxin responses, including CULLIN-ASSOCIATED AND NEDDYLATION-DISSOCIATED (CAND1) and SGT1b, were initially identified as mutations in the regulatory proteins involved in SCF activity in auxin signaling (Gray et al. 2003 , Cheng et al. 2004 . However, the details of the other regulatory proteins in the SCF TIR1/AFB system remain unclear (Rahman et al. 2006 , Biswas et al. 2007 ).
Molecular Mechanisms of Auxin Perception by TIR1/AFB Auxin Nuclear Receptors
A phylogenetic study classified TIR1/AFB auxin receptors in land plants into four clades called TIR1, AFB2, AFB4 and AFB6 (Dharmasiri et al. 2005b , Greenham et al. 2011 . In Arabidopsis, TIR1, and five TIR1 homolog proteins (AFB1-AFB5) redundantly function as nuclear auxin receptors. AFB1, 2 and 3 are closely related to TIR1, with 60-70% identity. AFB4 and AFB5 form a subfamily that is approximately 50% identical to TIR1 (Greenham et al. 2011) . Homologs of the AFB6 clade are absent in the Brassicaceae families, and the function of AFB6 remains to be characterized. The molecular mechanism for auxin perception was illustrated by the crystal structure of the SKP/ASK1-TIR1-auxin-Aux/IAA complex (Tan et al. 2007 ). The overall structure of TIR1 forms a mushroom-like shape with 18 leucine-rich repeats (LRRs) at the C-terminus and an F-box domain that interacts with the ASK1 protein at the N-terminus (Fig. 2) . IAA binds to the surface of TIR1 with hydrophobic and hydrogen bonds. Additionally, synthetic auxins, 2,4-D and 1-naphthaleneacetic acid (NAA) can bind to the same site in a manner similar to IAA. However, 2,4-D and NAA have no hydrogen donor in their aromatic ring, whereas IAA has a unique NH group in its indole ring that interacts with the TIR1 peptide backbone. Thus, the synthetic auxins 2,4-D and NAA have a lower affinity for TIR1 than IAA. Indeed, the dissociation constant (K d ) of IAA for the receptor complex that is formed with TIR1 and IAA7 (Aux/IAA) was estimated to be 84 nM, and the binding affinity of NAA and 2,4-D for TIR1 was one order of magnitude lower than that of IAA in a competitive binding assay (Dharmasiri et al. 2005a ). The potent auxinic activity of synthetic auxins in plants would be due to their metabolic-resistant properties and the efficient absorption of these molecules into a cell. The binding of auxin and Aux/IAA to TIR1 does not elicit any conformational change of the TIR1 receptor to induce an allosteric effect on receptor function. Aux/IAA interacts with TIR1 only when auxin is present. The WPPV motif of Aux/IAA (a domain II peptide) binds to the same auxin-binding site and traps an auxin molecule in the cavity that is formed by the two proteins. In other words, auxin promotes the hydrophobic interaction between TIR1 and Aux/IAA by filling the small cavity between the two proteins. This model suggests that auxin acts as a 'molecular glue', which brings the two proteins into close proximity (Tan et al. 2007 ). This new model for auxin perception was also supported by the crystal structures of the TIR1 complex with IAA analogs, which exhibit auxin agonist or antagonist activity on TIR1 (Hayashi et al. 2008 ).
Redundant but Disparate Functions of TIR1/ AFB Auxin Receptors
Throughout the life of Arabidopsis, the specific profile of gene expression in response to auxin signaling is modulated precisely by the combined interactions of six TIR1/AFB receptors, 29 Aux/IAAs and 23 ARFs. These auxin regulatory modules coordinately control the expression of several hundred genes and define the auxin response specificity of cells. The expression profile of specific gene sets is determined by several factors, such as the expression of these regulatory proteins, their post-transcriptional regulation, their stability and the affinity between these regulatory proteins.
In Arabidopsis, TIR1 and AFB1-AFB5 receptors regulate SCF TIR1/AFB -dependent auxin responses. Single loss-of-function mutation for auxin receptors, except for the tir1 mutation, showed a normal response to exogenous auxin (Parry et al. 2009 , Greenham et al. 2011 . Further phenotypic analyses of multiple tir1 afb mutants demonstrated that TIR1 and AFB2 play major roles in auxin responses. Mutations to either afb1 or afb3 did not alter the tir1 mutant phenotype, suggesting a minor contribution of AFB1 and AFB3 in auxin perception in Arabidopsis. In addition, the triple mutants tir1 afb1 afb2 and tir1 afb1 afb3 germinate and grow to a seedling. However, the tir1 afb2 afb3 triple mutant exhibited a more severe phenotype; 30% of the plants were rootless and 30% of seeds did not germinate. The quadruple tir1 afb1 afb2 afb3 mutant displayed a phenotype similar to that of the tir1 afb2 afb3 triple mutant (Parry et al. 2009 ). In contrast, AFB4 and AFB5 both function as auxin receptors and form a ternary complex with Aux/IAA and auxin, but their physiological roles are quite different from those of other AFB members. The afb5 mutant was resistant to picloram, picolinic acid-type auxins, and dicamba, benzoate-type auxins, but was normally sensitive to IAA, NAA and 2,4-D (Fig. 2) (Walsh et al. 2006 , Gleason et al. 2011 ). This picloram-resistant phenotype was also observed in the afb4 mutants (Greenham et al. 2011 ). The afb4 mutant had a longer petiole and hypocotyl and increased lateral root formation that was similar to the high-auxin phenotype observed in an auxin overexpression mutant. The AFB4 mutation was able to rescue the short petiole and hypocotyl phenotypes of the tir1 afb2 double mutant. This evidence implies that Fig. 2 The structures of the ASK-TIR1-IAA-Aux/IAA complex and ABP1 (A), the auxin-binding site of TIR1 and ABP1 (B), and auxins (C). TIR1 forms a mushroom-like shape with 18 leucine-rich repeats (LRRs) and an F-box domain that interacts with the ASK1 protein. IAA binds to the surface of TIR1 by hydrophobic and hydrogen bonds. The Aux/IAA (domain II peptide containing a WPPV motif) fits into the same site to cover the entire auxin molecule. Auxin (IAA) is captured in the small cavity formed by TIR1 and Aux/IAA. ABP1 forms a b-barrel structure. Auxin (NAA) binds to a small pocket within the b-barrel. Auxin interacts with the metal ion (Zn 2+ ) through its carboxylic acid, and the aromatic ring moiety of auxin is trapped with its hydrophobic residues inside the barrel. The metal ion is chelated by three histidine (H) residues and one glutamate residue.
AFB4 modulates a negative regulatory loop in auxin responses. Additionally, afb5 mutants were hypersensitive to IAA (Walsh et al. 2006) , and the afb5 mutation further enhanced the hypocotyl and picloram-resistant phenotype of afb4, suggesting that AFB5 might have a function similar to that of the AFB4 receptor (Greenham et al. 2011) .
The expression analysis for the TIR1 and AFB1-AFB3 genes indicated that TIR1 and AFB1-AFB3 are ubiquitously expressed in entire tissues throughout the life of the plant and are especially highly expressed in growing cells (Dharmasiri et al. 2005b , Parry et al. 2009 ). However, TIR1, AFB2 and AFB3 were post-transcriptionally regulated to localize to the primary and lateral root tips, young leaves and the young flower buds, which are the regions of cell division and cell elongation. Additionally, recent findings demonstrated that miR393, a microRNA that targets TIR1, AFB2, and AFB3 transcripts, functions as one of the regulatory elements for the dynamic action of auxin receptors (Navarro et al. 2006 , Vidal et al. 2010 , Si-Ammour et al. 2011 .
The TIR1/AFB receptors interact with domain II of Aux/IAA proteins in an auxin-dependent manner (Dharmasiri et al. 2005a, Mockaitis and Estelle 2008) . Of the 29 Aux/IAAs in Arabidopsis, the domain II motifs of 24 Aux/IAAs show considerable variation, indicating that the variation in the motifs probably confers different affinities to each receptor, and five Aux/IAAs (IAA20, 30, 32, 33 and 34) lack the apparent domain II motif required for TIR1/AFB recognition (Liscum and Reed 2002 , Dreher et al. 2006 ). One hypothesis is that the TIR1 and AFB receptors bind specific sets of Aux/IAA repressors, and thereby confer different stability among the Aux/IAA proteins. Indeed, AFB2 showed a higher affinity for IAA3 and IAA7 (Arabidopsis Aux/IAAs) than for the other receptors (Parry et al. 2009 ), and the half-lives of the Aux/IAA proteins were significantly different among several Aux/IAAs (Dreher et al. 2006) .
IAA is believed to function as a common growth regulator of many land plants from the liverwort to flowering plants. Among land plants, TIR1/AFB receptor homologs are widely conserved ). The functional study of ancient TIR1 and Aux/IAA genes was demonstrated in the model moss plant Physcomitrella patens (Decker et al. 2006 , Prigge et al. 2010 ). The moss P. patens contains at least four functional TIR1/AFB genes and three Aux/IAA orthologs; these auxin signaling proteins are responsible for the auxin-regulated protonematal development in this moss. The moss PpAFB receptors were able to interact with Arabidopsis Aux/IAA in an auxindependent manner (Prigge et al. 2010) , and the auxin response of P. patens was blocked by an auxin antagonist that is effective against the Arabidopsis TIR1 receptor (Hayashi et al. 2008 ). This evidence suggests that the moss P. patens harbors essentially the same SCF TIR1/AFB -Aux/IAA signaling system as Arabidopsis. The Aux/IAA and ARF system for transcriptional regulation also probably functions in a similar manner, as the P. patens genome contains 12 ARF homologs ), and auxin activates the auxin-responsive soybean GH3 promoter under the control of the Aux/IAA and ARF system in the transgenic P. patens GH3::GUS (b-glucuronidase) reporter line (Bierfreund et al. 2003) .
The Aux/IAA and ARF Regulatory System Defines Developmental Specificity Aux/IAA and ARF play a central role in the transcriptional regulation of specific sets of genes. Arabidopsis Aux/IAA proteins (about 18-36 kDa) contain the four conserved domains called domains I, II, III and IV (Liscum and Reed 2002) . Domain I of Aux/IAA functions as an active repression domain and contains a conserved leucine-rich (LxLxL) motif that is located in the ethylene response factor-associated amphiphilic repression (EAR) motif (Tiwari et al., 2004) . Several lines of evidence demonstrate that domain I of Aux/IAA interacts with the TOPLESS (TPL) transcriptional co-repressor to form a complex that represses the transcriptional function of ARF (Szemenyei et al. 2008) . The TPL family is required for the embryo polarity defects of bdl/iaa12 mutants. A mutation in the LxLxL motifs of domain I of the stabilized Aux/IAA mutant repressors led to the constitutive activation of ARF, resulting in a high-auxin phenotype. This finding suggests that the LxLxL motif of domain I is essential for its repressor activity via the TPL interaction (H. . PICKLE (PKL) was identified as another transcriptional co-repressor that is required for the constitutive repression of the domain II mutant of the slr-1/iaa14 protein. PKL encodes a homolog of the mammalian chromatin-remodeling factor CHD3/Mi-2 that functions as a repressor in concert with histone deacetylases (Fukaki et al. 2006) . Domain II contains a WPPV motif that is responsible for the stability of Aux/IAA proteins (Worley et al. 2000 , Dreher et al. 2006 ) and directly binds to the TIR1/AFB auxin receptors in an auxin-dependent manner. Domains III and IV of the Aux/IAA proteins contain a protein-protein interaction domain that shares homology with the C-terminal domain (CTD) of ARF proteins. Aux/IAA and ARF are both homodimeric proteins. Furthermore, Aux/IAA can form a heterodimer with ARF through an interaction between domains III and IV and the CTD (Kim et al. 1997 , Ulmasov et al. 1997b , Muto et al. 2006 ). Thus, Aux/IAA interacts with ARF to block the homodimerization of ARFs. Dimerization between specific pairs of ARFs may enhance the binding of the ARF transcriptional complex to palindromic auxin response elements (TGTCTC, AuxREs) (Ulmasov et al. 1997b ).
The Arabidopsis ARF was originally identified as a transcription factor using a yeast one-hybrid screen with an auxinresponsive cis-motif, the TGTCTC element, as a bait sequence (Ulmasov et al. 1995 , Ulmasov et al. 1997a ). The typical ARF possess an N-terminal DNA-binding domain (DBD) and a CTD that can interact with motifs III and IV of the Aux/IAA proteins. The middle regions between the DBD and the CTD are diverse within the ARF family; ARFs that have glutamine-rich middle regions function as activators (Tiwari et al. 2003) . Of the 23 ARF family members in Arabidopsis, 18 loss-of-function arf mutants were phenotypically analyzed, and only five arf mutants (arf2/ hss, arf3/ettin, arf5/mp, arf7/nph4/msg1 and arf19) had abnormal phenotypes (Okushima et al. 2005 ). This suggests that most ARFs function redundantly in a manner similar to the Aux/IAA family. The arf3/ettin mutant (Sessions and Zambryski 1995) exhibits a defect in gynoecium and floral development, and the arf5/mp mutant fails to form a root meristem or normal cotyledons due to abnormal development of the embryo (Hardtke and Berleth 1998) . The arf7/nph4/msg1 (Harper et al. 2000) and arf19 (Okushima et al. 2005 ) mutants display an impaired phototropic response and lateral root formation. The arf2/hss mutant has a pleiotropic abnormal phenotype (Li et al. 2004) . Recently, several ARFs were found to be post-transcriptionally regulated by microRNAs or trans-acting small interfering RNAs (siRNAs). miR160 negatively regulates ARF10 or ARF16 and ARF17 (Mallory et al. 2005 , Liu et al. 2007 ). miR167 targets ARF6 and ARF8 (Nagpal et al. 2005 , and the inhibition of miR167 causes defects in organogenesis throughout the plant (Gutierrez et al. 2009 ). ARF3 and ARF4 are targets of endogenous siRNA, and the repression of siRNA function drastically impairs the normal development of the flowers and the leaves (Fahlgren et al. 2006 , Garcia et al. 2006 , Hunter et al. 2006 .
There are two theoretical working models for how the Aux/ IAA-ARF system regulates developmental specificity via transcriptional regulation. One is that the specific expression pattern of Aux/IAAs and ARF proteins defines the profile of gene expression (Tian et al. 2002) . Another is that each Aux/ IAA prefers to interact with specific ARFs and represses the function of the targeted ARF (Weijers et al. 2005; Lau et al. 2011) . Multiple lines of evidence clearly indicate that different expression patterns and different affinities among the protein families both contribute to the Aux/IAA-ARF system. The promoter swapping approach using a stabilized Aux/IAA (a domain II mutant) demonstrated that the mutated Aux/ IAA proteins could exert qualitatively different phenotypic defects under the control of the same promoters (Knox et al. 2003 , Weijers et al. 2005 , Muto et al. 2007 ). Additionally, a yeast two-hybrid experiment indicated that there are specific pairs of interactions between the Aux/IAA and ARF proteins (Vernoux et al. 2011) . The comprehensive expression map of ARF at a cellular resolution demonstrated that there is extensive transcriptional control of ARF genes with a complex pattern of overlapping function during embryogenesis and in the primary root meristem (Rademacher et al. 2011) .
Recently, a systems biological approach using mathematical modeling and the comprehensive analysis of the protein-protein interactions and expression profiles of TIR1/AFBAux/IAA-ARF signals provided new insights into our understanding of this complicated regulatory system. Vernoux et al. (2011) performed a large-scale analysis of the interaction between Aux/IAA and ARF using a yeast-two hybrid system and the in situ hybridization of members of TIR1/AFBs, Aux/IAAs and ARFs in the shoot apex. These systematic analyses revealed 433 interactions among the 1,225 tested combinations between Aux/IAAs and ARFs, and further confirmed 28 interactions in planta using bimolecular fluorescence complementation. In addition to these comprehensive data, auxin responses in the shoot apex were visualized using a fluorescent reporter system and were integrated into the mathematical model to understand how a change in the auxin signal is transduced to the regulation of developmental processes. Another large-scale analysis of Aux/IAAs and ARFs using a split firefly luciferase complementation (SFLC) assay demonstrated that there are specific pairs of interactions between Aux/IAAs and ARFs in the Arabidopsis mesophyll protoplast (J.F. ). In the SFLC assay, the interactions between eight ARFs and 12 Aux/ IAA proteins were quantitatively and directly assessed by the reconstitution of luciferase activity. These two studies suggest that specific sets of interactions among the diverse combinations of Aux/IAAs and ARFs define the gene expression profile during development and consequently determine the developmental specificity. A phylogenomic analysis of auxin signaling genes revealed that the lower land plants P. patens (a moss) and Selaginella moellendorffii (a vascular non-seed plant) contain fewer Aux/IAA and ARF family members (three and three Aux/IAAs and 12 and seven ARFs in P. patens and S. moellendorffii, respectively), which might reflect the simple developmental regulation and body plan in these lower plants ).
Auxin-Binding Protein 1 Functions in Transcription-Independent Rapid Auxin Responses
ABP1 has been extensively studied as an auxin receptor candidate. ABP1 was identified as a soluble 22 kDa glycoprotein (Leblanc et al. 1997, Watanabe and Shimomura 1998 ) that specifically binds to auxin. ABP1 contains a KDEL-type endoplasmic reticulum (ER) retention sequence at the C-terminus, which suggests that the ABP1 protein would be predominantly localized in the ER. However, small quantities of ABP1 are found at the plasma membrane Herman 1993, Timpte 2001) . Early studies on the function of ABP1 using immunological modulation with an anti-ABP1 antibody demonstrated that ABP1 is involved in the rapid regulation of membrane potential and ion fluxes at the plasma membrane. ABP1 positively regulates the auxin-induced cell swelling of protoplasts in both pea and Arabidopsis hypocotyls (Steffens et al. 2001 , Yamagami et al. 2004 . Although the majority of ABP1 is retained in the ER, several lines of evidence support the idea that ABP1 works as a functional receptor for auxin perception at the plasma membrane or the extracellular matrix (Jones and Herman 1993 , Diekmann et al. 1995 , Leblanc et al. 1999 . Physiological assays using epitope peptides and antibodies against ABP1 showed that these macromolecules induced the inhibition or activation of electrophysiological responses and rapid cell elongation (Barbier-Brygoo et al. 1989 , Ruck et al. 1993 , Thiel et al. 1993 , Leblanc et al. 1999 . Given the nature of the antibody permeability of the plasma membrane, these physiological events related to the ABP1 antibody would have occurred in the extracellular matrix. The ectopic expression of ABP1 by a chemical-inducible system conferred an auxin-dependent epinastic curvature of a young tobacco leaf, but no obvious abnormal phenotypes have been shown in ABP1-overexpressing tobacco plants (Jones et al. 1998 , Chen et al. 2001a ). The Arabidopsis abp1 null mutant is embryonic lethal (Chen et al. 2001b) , and the suppression of ABP1 function reduces the cell division of cultured tobacco cells (David et al. 2007) . Recently, the constitutive overexpression of the ABP1 mutant protein lacking the KDEL retention signal peptide (ABP1ÁKDEL) showed severe developmental defects in Arabidopsis seedlings (Robert et al. 2010) . However, this ABP1ÁKDEL mutant protein was expressed as a green fluorescent protein (GFP) fusion protein, and the phenotypic analysis, including the auxin sensitivity of this mutant, has not yet been described in detail. The overexpression of ABP1 has provided little information on the physiological function of ABP1 and the developmental processes it regulates.
The crystal structure of ABP1 illustrated that the ABP1 structure resembled the germin/seed storage 7S protein superfamily (Woo et al. 2002) . The overall shape of ABP1 is a b-barrel structure that forms a dimer upon crystalization (Fig. 2) . Auxin binds to a small binding pocket formed deep within the b-barrel. In the auxin-binding site, a metal ion (zinc or cupper cation) can be chelated by three histidine residues and one glutamate residue. Auxin interacts with the metal ion through its carboxylic acid, and the aromatic ring moiety of auxin is trapped with the hydrophobic residues inside the barrel. Purified ABP1 has a K D of approximately 10 À7 M for NAA at pH 5.5 (Hesse et al. 1989) . The binding of auxin did not elicit any conformational change in the ABP1 crystal. However, the conformational change of the N-and C-terminal regions of ABP1 may be possible in solution or on the plasma membrane, resulting in the formation of a specific, active dimeric structure. Together, the structure and mechanism of the auxin recognition site of ABP1 is quite different from that of TIR1/AFB receptors, suggesting that some artificial auxins might have selective activity for TIR1/AFB or ABP1.
Recently, the immunomodulation of ABP1 function in Arabidopsis demonstrated that the conditional knockdown of ABP1 impaired the regulation of cell elongation and cell division and displayed an altered response in auxin-responsive gene expression (Braun et al. 2008 , Tromas et al. 2009 ). In the knockdown condition of ABP1, the steady-state level and auxin sensitivity of some Aux/IAA transcripts (IAA1, IAA5 and IAA19) were decreased, although most of the Aux/IAA genes still responded to auxin. The analysis of the heterozygous abp1/ABP1 knockout mutant exhibited defects in some auxin-related responses, including higher root slanting angles, agravitropic roots and hypocotyls, and reduced apical dominance (Effendi et al. 2011 ). The auxin-inducible genes (Aux/IAA, SAUR and GH3) showed a reduced transcriptional response to auxin in the abp1/ABP1 heterozygous seedlings. Taking this information together, ABP1 can directly or indirectly regulate the expression of some sets of auxin-responsive gene. Additionally, the abp1/ ABP1 heterozygous seedlings displayed lower basipetal auxin transport in the young roots, implying that ABP1 is implicated in the regulation of polar auxin transport, which controls the local auxin concentration (Effendi et al. 2011) .
Members of the PIN family, which are auxin efflux facilitators and consist of seven members in Arabidopsis, play a pivotal role in the regulation of polar auxin transport (Friml 2010) . The localization of the PIN protein on the plasma membrane regulates the direction of auxin movement and consequently determines the local auxin distribution. The cellular localization of PIN proteins is coordinately regulated by many factors, such as hormones and environmental and developmental cues. ABP1 is involved in the modulation of the intracellular recycling of PIN proteins between the endosome and the plasma membrane. Auxin itself inhibits the internalization of PIN proteins from the plasma membrane, controlling the feedback loop in response to the auxin level (Geldner et al. 2001 ). This auxinregulated PIN localization was demonstrated to be an ABP1-mediated process without the transcriptional regulation of the early auxin-responsive genes (Robert et al. 2010) . Auxin signaling via ABP1 inhibits the clathrin-mediated internalization of PIN proteins (Dhonukshe et al. 2007 , Robert et al. 2010 . Clathrin forms a clathrin-coated vesicle that plays a crucial role in endocytosis. ABP1 functions as a positive regulator in the recruitment of clathrin to the plasma membrane, thereby resulting in the endocytosis of PIN. The binding of auxin to ABP1 blocks the clathrin-mediated endocytosis of PIN via ABP1 signaling, consequently leading to the reduced internalization of PIN proteins, which enhances auxin efflux transport. The Rho GTPases ROP2 and ROP6 (Li et al. 2001 , Jones et al. 2002 coordinately regulate the interdigitated growth of the epidermal pavement cells in the Arabidopsis leaf (Xu et al. 2010) . Auxin rapidly activates ROP2 and ROP6 within 30 s and promotes interdigitated growth. The abp1-5 mutant has a point mutation at the metal-chelating histidine residue (His59!Tyr) in the auxin-binding pocket. The auxindependent activation of ROP2 and interdigitation growth were not observed in the antisense-ABP1 or abp1-5 lines. Additionally, the interdigitated growth is insensitive to auxin in the pin1-1 mutant (Xu et al. 2010) . These data suggest that an ABP1-dependent ROP signal might modulate the localization of PIN transporters that control the local auxin distribution responsible for the regulation of interdigitated growth. However, the downstream components and molecular action of the ABP1 pathway are largely unknown.
SKP2A, a New Auxin Receptor Candidate that Functions in Cell Cycle Regulation
Recently, S-phase kinase-associated protein 2A (SKP2A) was identified as another candidate for an F-box-type auxin receptor (Jurado et al. 2008 , Jurado et al. 2010 . SKP2A regulates the proteolysis of cell cycle transcription factors, such as E2FC and DPB (del Pozo et al. 2002a ). The specific auxin-binding capacity of SKP2A was confirmed by a radioactive IAA binding experiment and a point mutational analysis of the putative auxin-binding site of SKP2A. Auxin itself regulates the degradation of the SKP2A protein, and auxin promotes the degradation of E2FC and DPB to trigger cell division. Auxin binding to SKP2A could regulate these protein degradation processes. The possible role of the auxin-binding capacity of another SKP2A-like F-box protein and its auxin-regulated processes will be the subject of further work (Jurado et al. 2010) .
Future Perspectives
In the last few decades, dramatic progress on auxin biology has uncovered the fundamental molecular mechanism of how auxin is perceived and how its signal is converted to transcriptional regulation. This review focused on the recent progress that has been made in elucidating the auxin signaling machinery. The auxin signals from multiple AFB-Aux/IAA-ARF systems define a temporal-and spatial-specific transcriptional profile. The expression, post-transcriptional regulation and interaction among the auxin signaling proteins are the major regulatory factors of the AFB-Aux/IAA-ARF system. In addition to these steps, other accessory components are implicated in the regulation of this system. The fine-tuning and plasticity of multiple AFB-Aux/IAA-ARF systems will be investigated in the future. Auxin is a master regulator that integrates the hormonal, biotic and abiotic signals in plant development. The regulatory process of the auxin signal and the cross-talk among these signals is not well understood. The auxin signaling machinery and its function in lower plants are attractive for the study of the evolutionary origin of ancient hormonal function. However, little is known about the evolutionary origin and ancient functions of auxin signaling . Auxin also induces a rapid response in cell elongation, and this rapid response has been thought to be a non-transcriptional SCF TIR1/ AFB -independent event. ABP1 is involved in this rapid auxin response. Additionally, ABP1 affects the gene expression of some Aux/IAAs. The two types of auxin receptors, both TIR1/ AFB and ABP1, coordinately regulate the cellular auxin responses during cell division and cell elongation. The integration of both ABP1 and SCF TIR1/AFB signaling is a critical challenge for the future of auxin biology. 
